The use of materials with low specific weight is an effective way of reducing the weight of structures. Aluminum alloys are among the most commonly used lightweight metallic materials as they offer a number of different interesting mechanical and thermal properties. In addition, they are relatively easy to shape metals, especially in material removal processes, such as machining. In fact, aluminum alloys as a class are considered as the family of materials offering the highest levels of machinability, as compared to other families of lightweight metals such as titanium and magnesium alloys. This machinability quantifies the machining performance, and may be defined for a specific application by various criteria, such as tool life, surface finish, chip evacuation, material removal rate and machine-tool power. It has been shown that chemical composition, structural defects and alloying elements significantly influence machinability [W Konig et al., 1983] . Thus, with similar chemical compositions, the machinability of alloys can be improved by different treatments. Heat treatments, which increase hardness, will reduce the built-up edge (BUE) tendency during machining [M. Tash et al., 2006 ]. In the case of dry machining, the major problems encountered are the BUE at low cutting speeds and sticking at high cutting speeds, hence the need for special tool geometries [P. Roy et al., 2008] . It has been shown that high levels of Magnesium (Mg) increase the cutting forces at the same level of hardness [M. Tash et al., 2006 ], while a low percentage of Copper (Cu) in aluminum alloy 319 decreases the cutting force. Similarly, it has been found that heat treatment of 6061, especially aging, influences the forces only at low cutting speeds, while at high speeds, the influence is negligible because of the low temperature rise seen in the cutting zone [Demir H et al., 2008] . Cutting force is just one among several parameters to be considered for a full assessment of the machinability of metallic alloys, with the others being the tool life, the surface finish, the cutting energy and the chip formation mode. Aluminum alloys are classified under two classes: cast alloys and wrought alloys. Furthermore, they can be classified according to the specification of the alloying elements involved, such as strain-hardenable alloys and heat-treatable alloys. Most wrought aluminum alloys have excellent machinability. While cast alloys containing copper, magnesium or zinc as the main alloying elements can cause some machining difficulties, the use of small tool rake angles can however improve machinability. Alloys having silicon as the main alloying element involve larger tool rake angles, lower speeds and feeds, making www.intechopen.com Aluminium Alloys, Theory and Applications 378 them more cost-effective to machine. Aluminum alloys, which are not sensitive to heat treatments, can be hardened by cold work that can improve their machinability when sharp tools are used. Following (ASM Handbook, Volume 16) the machinability of different aluminum alloys has been treated in general manner with a classification (A, B, C, D and E) according to the alloy state. Traditionally, the machinability of materials involve tool life, cutting forces, productivity or chip form, with less attention paid to particle emission. In this work, the authors address the machinability of aluminum alloys from several points of view, including cutting forces, chip forms and segmentation, and metallic particle emission. The following section addresses machinability, while section 3 focuses on metallic particle emission during the machining of aluminum and the effect of materials, cutting conditions and lubrication mode.
Machinability of aluminum alloys 2.1 Cutting force during machining of aluminum alloys
While the cutting forces during the machining of aluminum alloys are relatively low, they can nevertheless provide a good indicator for a comparison of different alloys under the same machining conditions (Zaghbani and Songmene, 2009) . A typical cutting force signal acting on the cutter in the axial direction (thrust force Fz) during drilling is presented in Figure 1 . Portion a-b of the graph (Fig. 1a ) corresponds to the drill point engagement into the workpiece while the portion b-c corresponds to the real cutting. Portion b-c is usually employed to estimate the cutting force or the energy required to shape metals. Using an enlarged graph (Fig. 1b) , it is possible to identify the action of each flute of the cutter during the cutting process. The average thrust force (portion b-c of Fig. 1a ) for different cutting speeds when drilling four different aluminum alloys (6061-T6, 7075-T6, A356-T0, A319-T0) is presented in Figure  2 (Kouam et al, 2010) . It can be seen that only the 7075-T6 is sensitive to variations of the cutting speed, and exhibits a decrease in the average thrust force, which is probably due to the softening effect observed at relatively high speeds. The three other alloys exhibit a low sensitivity to variations of cutting speed. The cutting forces are more sensitive to the variations of the feed. In fact, the feed determines the chip thickness, which is the major factor governing the cutting forces. Different drilling tests were performed using a High Speed Steel drill with a 10 mm diameter and a point angle of 118° in order to determine the effect of feed and alloys on 379 cutting forces. The results obtained are presented in Figure 3 . As expected, the thrust force increases with the feed rate at different cutting speeds for all tested materials. These results (Fig. 3 ) confirm the previous works of different authors (M.C. Shaw, 1989; E. J A. Armarego, 1984; Subramnian et al., 1977 and Balout et al., 2002) . The thrust force (F z ) increases as the feed rate increases for the cast and wrought materials. 
Chip formation and chip segmentation
The chip shape and microstructure constitute a good indicator of the deformation having occurred during the machining process. The chip formation mode depends on the workpiece material, the tool geometry and the cutting conditions. A small and segmented chip is preferable when cutting metals. Several research works have analyzed chip formation in order to identify the optimal conditions for improving machining and machinability. Xie et al. (1996) developed a coefficient identifying chip segmentation, called the flow localization parameter . Several tests were carried out in the laboratory in order to characterize the chip shape during the machining of aluminum alloys. Figure 4 
7075-T6
A356-T0 A319-T0 Fig. 4 . SEM images of chip obtained during the drilling of aluminum alloys at 0.15 mm/rev feed rate and at different cutting speeds Figure 5 presents different chip forms and lengths (small, middle and long chip), and is representative for the others materials. In this graph ( Fig. 5 ), the limit zone between continuous and discontinuous chips is delimited. Such limits have made it possible to obtain experimentally Figure 6 delimitating continuous chip form zone to discontinuous chip form zone for each material tested. Determining these limits can help in selecting cutting conditions that will lead to the desired discontinuous chip. The production of discontinuous chips is recommended, especially for automated production, where easy-to-manage chip will not stop production. Cutting speed (m/min) limit zone for 6061-T6 material limit zone for 7075-T6 material limit zone for A356-T0 material limit zone for A319-T0 material It is observed in Figure 6 that at low cutting speeds, the chip is generally continuous for different materials. For 6061-T6 and 7075-T6 materials, the chip length decreases as the cutting speed increases, and it is the same for A319-T0 and A356-T0. This decrease in the length of the chip depends not only on the cutting speed, but also on the feed rate. Figure 6 suggests that the chip length depends not only on the material properties (ductility and brittleness for example) but also on the cutting conditions. Equation (1) can allow the prediction of the chip form, depending on the cutting parameters and the material used. Chip breakability is one of the major issues faced in machining aluminum alloys; in fact, long chips can cause damage to the machined surface, to the cutter and to the machine evacuation system. Chip segmentation is one of the practical tools used to compare the chip breakability of different alloys. From Figure 6 , the general trend equation delimiting different chip form zones for the tested aluminum alloys can be expressed as follows:
where f is the feed rate, v is the cutting speed, A and B are constants, depending on the workpiece material used. The constants of equation (1) are given as follows in Table 1 : (1) The chip segmentation is schematized in Figure 8 for an orthogonal cutting process. Xie et al. (1996) found that there are some critical values of the product of the cutting speed and feed rate for which chip segmentation begins. The segmentation can also be defined by the segmentation band density. According to the formulation of Becze and Elbestawi (2002) , the chip segmentation density η s can be also estimated by the following equation:
where f is the feed rate, V is the cutting speed, and A, B, and C are empirical constants. Khettabi et al. (2009) developed a simple method for determining the chip segmentation density using the distance (l) corresponding to 10 segmentation bands (Eq. 3).
where l b is the band width (see Fig. 7 ). The chip compression ratio, the chip thickness and the tendency for segmentation during machining of 6061-T6 are presented in Table 2 . The gray cells represent a continuous chip formation zone, while the white cells represent conditions at which the formation of segmented chip occurred. The chip compression ratio h C can be calculated using Eq. 4 or estimated using Eq. 5:
where a is the tool rake angle and φ is the shear angle,
where h is the undeformed chip thickness and h C is the chip thickness ( Fig. 8 ).
For the cutting of aluminum alloy 6061-T6 with a -7 rake angle, the segmentation is observable at speeds starting at 200 m/min, while for the null rake angle, observable chip segmentation starts at about 250 m/min, and for a rake angle of +7 o , there is no noticeable segmentation. In the absence of a noticeable chip segmentation, the chip is continuous, while the chip is partially or completely segmented when segments are visible. In Table 2 , the chip compression ratio is geometrically measured for the aluminum alloy 6061-T6. When the cutting speed increases, so does the chip compression ratio, and the chip becomes thin and brittle. It has been observed that when the chip becomes brittle, dust emission decreases significantly (Balout et al., 2007; Khettabi et al., 2008) . While aluminum alloys are considered easy to machine, they can generate harmful metallic particles during the machining process. There is a correlation between chip morphology, cutting parameters, machinability and dust emission. Segmented chips produce less dust, a good finish and allow better machinability than continuous chips, while an increase in the segmentation density increases dust emissions. The following section will focus on the metallic particle generation during the machining of aluminum alloys.
Metallic particle emission

Dust emission problem
In addition of chips, the shaping of metallic alloys, including the machining of aluminum alloys, produce metallic particles of different sizes that can be harmful to the machine tool operator. Diseases caused by exposure to dust range from simple respiratory irritation to bronchitis, asthma and cancer. Consequently, the regulatory health and safety agencies overseeing machining are requiring that more and more manufacturers reduce dust generated from manufacturing processes. A risk prevention and control committee of the World Health Organization working group held in Switzerland in 1999 (EHO, 1999) called for research into dust production process parameters, which should help assess the reliability and costs of changing systems in order to improve dust control. The United States' Environmental Protection Agency (EPA) has found that even low concentrations of certain metals can cause acute pulmonary effects. In situations where the main polluters are gases, air quality control in the industrial environment is usually carried out in free air by sampling particulate matter smaller than 2.5µm (PM 2.5) or by gas receptors. An evaluation of process emissivity must be done using high sensitivity methods. While carrying out measurements in free air (far from the cutting zone) is the usual method for air quality control, it is however not appropriate for determining the emissivity of operations and of materials. Free air measurement involves large sampling volumes, and thus considerably increases the testing time and reduces dust concentration. To identify the emission capacity of each operation in the laboratory, the system must be isolated in order to ensure that the measurements involve only the dust produced by the operation under study. For different cutting processes ( Fig. 9 ) several sampling devices, such as laser photometers (DustTrack), APS (Aerodynamic Particle Sizer Spectrometer), MOUDI (Micro-Orifice, Uniform-Deposit Impactor), ELPI or SMPS (Scanning Mobility Particle Sizer), can be used to measure the particles produced. The measurement device could be connected to the dust recovery enclosure by a suction pipe, and a computer equipped with a data acquisition and analysis system is also connected to the measuring device. For the SMPS system, it can be possible to connect the Nanometer Aerosol Sampler (NAS) at the exit of the DMA of the SMPS in order to collect particles with specially prepared substrates allowing for microscopy analysis of generated particles. For the ELPI or the MOUDI systems, particles can be collected directly on the substrate. Figure 10 shows experimental evidence of fine and ultrafine particles generated during machining carried out in the laboratory. The AFM can show the particles in 3D (Fig. 10a ) while with the SEM, it is only in 2D (Fig. 10b ). Fig. 9 . Experimental set-up used for metallic particle emission test Arumugan et al. (2002) studied dust mass concentration during machining and found that the cutting speed is the most influential factor among all cutting parameters (the others being feed and depth of cut). The concentration decreased as the speed was increased in a Fig. 10 . Particle shape visualization by a) AFM in 3D and b) SEM specific feed zone. Songmene et al. (2007 Songmene et al. ( , 2008 found two different zones (I and III) corresponding to low and high cutting ranges, respectively, in which the dust emission is low. Between the two zones was the zone II in which the dust emission increases with the cutting speed and reached a maximum. Machining in zone I (low cutting speeds) is not recommended because productivity would be reduced. In zone III (high cutting speeds), which is the recommended zone, the dust emission decreases while the productivity and the part quality are improved. Therefore, high speed machining is not only good for improving productivity and lowering the cutting forces and energy consumption, but also for protecting the environment and worker health. Khettabi et al. (2009) found the same link between dust emission and cutting speed during the turning of aluminum alloys and steels. The result was also confirmed during the dry machining of aluminum alloys and steel materials ( Figure 11 ). The concentration of particle emissions was found to be higher for wet machining than for dry machining for sub-micron size particles (Zaghbani et al., 2009b) . For this size range, the particle mass concentration is 5 to 30 times greater for wet than for dry milling. However, for micronic particles, the mass concentration of particles generated in wet milling is lower than the particle mass concentration in dry milling. Consequently, the cutting fluid allows the generation of more sub-micron wet and dry particles (Fig. 12 ).
Effects of cutting conditions and alloys
Understanding and modeling particle emissions
The formation of fine and ultrafine particles during machining is attributable to different phenomena, such as: macroscopic and microscopic friction, plastic deformation and chip formation mode. The friction of the chip micro-segments between themselves produces micrometric and nanometric sized particles. Similarly, the friction at the tool rake face with the chip also produces particles. Figure 13 can give an illustration of the dust emission mechanisms by friction of the chip on the tool rake face. Particle formation by friction proceeds through two main steps, depending on the workpiece material: step 1 occurs during the material separation while step 2 takes place when the chip slides on the tool rake face. In the case of brittle materials, the chip is formed by brittle fracture, with the chip contact length being very small. In this situation, the contact between the tool material and the irregular chip surface can break up particles from the internal chip surface. If the workpiece material is ductile, the chip will be formed by microsegments that undergo a local work hardening due to the action of some asperities of the tool rake face. Then, the hardened small part is separated by a local brittle fracture. This Influence of the cutting speed on mass concentration for different particle sizes mechanism describes how friction or micro-friction can produce small particles during machining. The size of the particles separated depends on the tool rake face roughness, the cutting conditions, and the workpiece material.
The dust generation mechanism is not caused purely by the mechanical effect, as the temperature of the chip formation zone also plays a big role in this mechanism. The temperature involved in the cutting process alters the mechanical properties of the material, and modifies the chip formation mode and the particle emission. The temperature and the plastic deformation effects are integrated into the deformation energy that will subsequently be used in modeling. Step 1
Step 2
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Step 2' Fig. 13 . Schematic illustration of mechanisms of dust emission at the chip-tool
The measurement system generates different types of information concerning the sampled dust, including the aerodynamic diameter, the stocks size, the electrical mobility etc. However, some transformations should be done to evaluate the mass, the volume or the 390 number of particles when the concentration and the flow rate are known. It presents the dust particle concentration versus the acquisition time. Khettabi et al. (2007) propose a new more representative dimensionless index, which has a physical meaning, and allows a largescale comparison. This new index is the ratio of the dust mass to the mass of chip removed from the workpiece material:
where m Dust (g) is the mass of total dust generated and m Chip (g) is the mass of the chip produced.
The mass of the chip m chip (g) is evaluated by multiplying the volume of material removed by the density. Khettabi et al. (2010a) developed a hybrid model of particle emission during machining processes which was based on the energy approach, combined with macroscopic friction (tool-chip), microfriction, and plastic deformation of materials:
where A is the factor of proportionality and δ is a material parameter introduced to characterize the capacity of the material to produce metallic dust. For each material, a constant δ is attributed. The parameter δ is experimentally determined to obey the following criteria (Eq. 8). Aluminum alloys are generally considered to be ductile materials. For cast aluminum alloys: 0.5 ≤ δ ≤ 1.0 and for wrought aluminum alloys: 1.5 δ ≤ (6061-T6:δ=1.5) All parameters in equation 7, such as the rake angle , the shear angle φ, the cutting speed V, the feed f, the roughness Ra, βmax, and c, can be known or easily determined. The shearing force and temperature can be measured directly or estimated, although measurements will be difficult in the case of some processes. Estimation is possible using the Needelman-Lemonds constitutive equations. The predictive dust emission model (Eq. 7) is found to be in agreement with experimental results (Figs. 14, 15, 19, 20 ). An algorithm was programmed and used to simulate dust emissions during the dry machining of aluminum and steel alloy. Carbide tools with different geometries were used for different tests. Brittle materials, such as cast aluminum alloy or gray cast iron, present a special behavior (Fig 15) . In this case, zone III has disappeared, and dust emission is continuously increased 391 with the cutting speed. The decrease in dust emission at high speed (Fig.14, zone III) is attributed to the softening effect of the ductile materials, which is not the case for brittle materials such as cast aluminum alloy or gray cast iron (Fig. 15 ). In the intermediate cutting speed range (zone II, between 100 and 150 m/min, Fig. 14) , the particles emission is higher compared to the other ranges. The highest value of the particles emission corresponds to the critical value of the cutting speed that should be avoided. The critical cutting speed appears to be widely influenced by the workpiece material, and not by the machining processes (Khettabi et al., 2010b) . It seems that the critical cutting speed depends significantly only on the workpiece material, and not on the machining processes, the tool geometry or the heat treatment. For the 6061-T6 aluminum alloy, the critical cutting speed is around 150 m/min during drilling, milling and turning . It also observed that the critical cutting speed is still invariable for different rake angles and different lead angles. Heat treatment influences the mechanical properties, and consequently, the quantity of particles emitted (Fig. 18) . It was found that the critical value of the cutting speed, at which particle emission is at a maximum, depends on the material, and not significantly on the heat treatment. However the quantity of particles emitted at that critical speed depends on workpiece materials conditions (Fig. 18) . Figure 19 presents the simulation results (Eq. 7) for dust emission as a function of the feed and cutting speeds for dry machining of aluminum alloy 6061-T6. It was found that the generated dust decreases with chip thickness, a result which is consistent with the experimental findings of Akarca et al. (2005) and Fang (2007) . Therefore, an increase in the feed rate could reduce the amount of dust generated during machining. When the feed rate and cutting speeds both increase, the chip becomes more segmented, and consequently, the dust emission decreases. Figure 20 presents the simulation results (Eq. 7) for dust emission as a function of the tool rake angles and the cutting speeds for aluminum alloys, steels and cast iron. These results show good agreement with experimental data and the proposed model results (Figure 20) . Even nanoparticle emission results during machining confirm the rake angle effect (Tönshoff et al, 1997) . When the tool rake angle increases, the dust emission also increases. Dust Unit X 10 -5
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Metallic particle size distribution
Size distribution as a function of the different concentrations shows a decrease in particles emission when cutting speed is increased (Figs. 21-22) . A comparison for different aluminum alloys illustrate that particles emissions can decrease when the material toughness decreases (Figs. 21-22 ). Small-sized metallic particles, such as ultrafine particles, are known to be potentially more dangerous. The combined influence of the cutting speed and the feed on the particle size depends on the workpiece material. During the milling process, the experiment shows that there is no homogenous influence of the cutting speed and the feed on the particle size for the materials tested (Fig. 23) .
For purpose of analysis, it is very difficult to consider all particle size distributions, and for that reason, the mean size is considered as the particle size parameter. The mean particle size can be obtained by the following equation (Eq. 9):
where (N) is the total number of particles; (n) is the number (weighted) of particles per channel; (Dp) is the particle diameter (channel midpoint); (l) is the lower channel boundary, and (u) is the upper channel boundary. For aluminum alloy 2024-T351, increasing the feed rate or cutting the speed enhances the mean particle size (Dm) until a certain value is reached, and then stagnation is observed (Fig. 24 ). The relatively low value of the mean particle size (Dm) was (23.4 nm) obtained for low feeds and speeds (0.01 mm/rev and 300 m/min). For aluminum alloy 6061-T6, the influence of the cutting speed on the mean particle size (Dm) remains quite similar to what is seen in alloy 2024-T351, except that the influence of the feed rate for 6061-T6 is at a maximum at the intermediate value of feed. For low cutting speeds and low feed rates, it can be seen that there is a tendency for the mean particle size (Dm) to decrease (Fig. 24) . Generally, it can further be seen as well that an increase in the feed rate can contribute to a decrease in the mean particle size (Dm) (Fig. 24 ). For aluminum alloy 7075-T6, the influence seems to be similar to the behavior of the aluminum alloys 2024-T351, with some variations. When both the cutting speed and the feed rate decrease, the value of the mean particle size (Dm) decreases (Fig. 24) . The influences of the cutting speed and of the feed rate on the mean particle size (Dm) seem to trend in the same direction, but the variation in Dm is not very wide, especially for the aluminum alloys 6061-T6 and 7075-T6. For 6061-T6, the value of Dm is located between 131 nm and 173 nm nominal size, except for the smallest value, of about 50.2 nm. However, for the 7075-T6, the value of Dm is located between 125 nm and 146 nm.
Conclusion
The development of aluminum alloys is often conditioned by aeronautical requirements, but aluminum is very interesting for several applications in other sectors. Depending on the nuances, the composition, the treatments and the cutting conditions of these alloys, the material can be classified according to its machinability, recyclability, energy consumption and particle emission. The machining of aluminum alloys is relatively easy as the cutting forces involved are low and the tool life is relatively high if there is no built-up edge or material adhesion problem. However, some problems may arise with the chip form and particle emissions. It is shown that long, continuous and spiral chips can indeed be prevented by selecting appropriate machining feeds and speeds. Fig. 24 . Influence of the cutting speed and the feed rate on the mean particle size of the aluminum alloy: a) 2024-T351, b) 6061-T6, and c) 7075-T6
The machining of aluminum alloys generates fine and ultrafine particles, which have a relatively high sedimentation time and remain airborne for a long time, and could jeopardize the health of the worker. The machining of aluminum alloys using a special tool material and geometry during dry cutting at high speeds can be advantageous and sustainable. 
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